1. Introduction {#s0005}
===============

The translationally controlled tumor protein (TPT1, also known as TCTP, fortilin, p23 or histamine releasing factor/HRF) is ubiquitously expressed in all eukaryotic cells, evolutionary highly conserved and involved in several cellular processes [@b0005]. It is also known to play a role in the mammalian immune system and dysregulation has been implicated in a variety of cancers, also at later stages like invasion and metastasis (as reviewed in [@b0010]). The level of *TPT1* mRNA depends on cell type, developmental stage and extracellular stimuli [@b0015]. TPT1 has been identified as an important factor in tumor reversion [@b0020], [@b0025], is highly expressed in tumor tissues, especially of epithelial origin [@b0005], and promotes cell migration, invasion and metastasis via induction of epithelial to mesenchymal transition [@b0030]. The transcription of TPT1 can be positively regulated by DNA damaging agents like etoposid and cisplatin, while it is negatively regulated by p53 [@b0035]. TPT1 overexpression can lead to p53 degradation and loss of p53-mediated apoptosis [@b0040], whereas p53 can downregulate TPT1 levels [@b0020]. While the antagonistic effect on p53 would suggest an oncogenic function, Zhang et al. (2012) have reported that TPT1 interacts with p53 to inhibit cellular proliferation in irradiated cells [@b0045]. Furthermore, low-dose γ irradiation enriched TPT1 in nuclei of normal human cells and its upregulation appeared dependent on ATM and the DNA-dependent protein kinase (DNA-PK). In that study, TPT1 formed a complex with ATM, phosphorylated histone H2AX (γH2A.X) and p53 binding-protein 1 (53BP1), exhibited a protective effect on irradiated cells and thus may play an important role in the maintenance of genomic integrity. However, a recent proteomics study did not identify these proteins as part of the TPT1 interactome in HeLa cells [@b0050]. Furthermore, it has been demonstrated that the protein level of TPT1 is increased in breast cancer tissue [@b0055], similar to what has been described for cancers of colon, liver, prostate, skin and throat [@b0035]. While TPT1 is being considered as both marker and prognostic factor for breast cancer, its molecular impact is still incompletely understood [@b0060]. The known interaction of TPT1 with breast cancer-associated proteins like p53 [@b0060], the E3 ubiquitin ligase HDM2 [@b0060], [@b0065] or the FA Complementation Group A (FANCA) [@b0070] suggests a breast cancer-related role of TPT1. We aimed to address the question whether mutations in *TPT1* were present in breast cancer patients, who have lived in areas with radiation contamination, and whether *TPT1* would classify as a breast cancer susceptibility gene, especially in the context of high radiation exposure due to its cytoprotective function [@b0045]. Furthermore, we sought to investigate whether the proposed role of TPT1 in DNA double strand break repair could be employed in its use as a DNA damage marker after ionizing radiation.

2. Materials and Methods {#s0010}
========================

2.1. Patients {#s0015}
-------------

The patient cohort consisted of 200 female patients with BC who lived in Belarusian regions contaminated due to the Chernobyl incident in 1986. They were selected from a larger group of 1759 BC patients of the Hannover-Minsk Breast Cancer Study (HMBCS) by choosing women from regions with increased ground contamination [@b0075]. The cumulative total effective whole-body radiation dose for every selected patient was estimated between 10 and 45 mSv. For direct genotyping of one newly detected variant, another group of 500 BC patients from Belarus was randomly selected from the same series.

2.2. *TPT1* sequencing {#s0020}
----------------------

Genomic DNA was extracted from peripheral blood leukocytes of patients using proteinase K digestion and phenol--chloroform extraction. To analyze the cohort (n = 200) for *TPT1* gene variants, primer pairs were designed to specifically flank all six coding exons of the gene ([Supplementary Table S1](#s0130){ref-type="sec"}). PCR was used to amplify the genomic DNA fragments and, after purification of the products, direct sequencing using BigDye v1.1 terminator chemistry and a 3100 Avant capillary sequencer (Life Technologies) was performed. Sequencing data were analyzed with the Sequencing Analysis 5.1.1 software.

2.3. High resolution melting (HRM) {#s0025}
----------------------------------

Identified *TPT1* variants in 200 selected breast cancer patients were tested for their frequencies in a larger series (n = 500) of HMBCS. New primers were designed to specifically scan the variant-containing amplicons in all randomly selected 500 samples ([Supplementary Table S1](#s0130){ref-type="sec"}). Labelling of DNA was performed by EvaGreen qPCR MasterMix (Biotrend, Exton, USA) and melting profiles were analyzed with the Rotor-Gene 6000 HRM 2-Plex Software (Qiagen, Venlo, Netherlands).

2.4. Bioinformatics {#s0030}
-------------------

Identified variants were matched with database information in the NCBI SNP database ([www.ncbi.nlm.nih.gov/SNP](http://www.ncbi.nlm.nih.gov/SNP){#ir005}), the 1000 Genomes Browser ([browser.1000genomes.org](http://browser.1000genomes.org){#ir010}), the ExAC Browser (<http://exac.broadinstitute.org/>), the Tumorportal ([www.tumorportal.org](http://www.tumorportal.org){#ir020}), the cBio Portal for Cancer Genomics (<http://www.cbioportal.org/>) and the Catalogue of Somatic Mutations in Cancer (COSMIC v71, [www.cancer.sanger.ac.uk](http://www.cancer.sanger.ac.uk){#ir030}). The programs SIFT ([sift.jcvi.org/](http://sift.jcvi.org/){#ir035}), PROVEAN ([provean.jcvi.org/](http://provean.jcvi.org/){#ir040}), MutationTaster ([www.mutationtaster.org](http://www.mutationtaster.org){#ir045}) and PolyPhen-2 (<http://genetics.bwh.harvard.edu/pph2/>) were used to predict the pathogenicity of the variant. MaxEntScan (<http://genes.mit.edu/burgelab/maxent/Xmaxentscanscoreseq.html>) and ESEfinder 3.0 ([rulai.cshl.edu/tools/ESE/](http://rulai.cshl.edu/tools/ESE/){#ir060}) were used to identify potential alternative splice sites.

2.5. Cell culture {#s0035}
-----------------

Cell lines were obtained from the American Type Culture Collection (ATCC) or established from patient material. Human breast epithelial MCF10A cells (CRL-10317^TM^) were cultured in MEBM supplemented with MEGM Single Quots according to the manufacturer's instructions (Lonza/Clonetics). Human triple negative BC cell lines HCC1395 and HCC1937 (CRL-2336^TM^ and CRL-2324^TM^, respectively) were cultured in RPMI 1640 with 10% fetal calf serum (FCS), 500 U/ml penicillin, 0.5 mg/ml streptomycin and 2 mM L-glutamine. Wild-type TERT-immortalized human skin fibroblasts BJ5TA (ATCC, CRL-4001) were cultured in DMEM (Sigma) with 10% fetal calf serum (FCS), 500 U/ml penicillin, 0.5 mg/ml streptomycin, 2 mM L-glutamine and 10 μg/ml hygromycin B. Normal human fibroblasts from a healthy individual, ADP, were kindly provided by Professor Detlev Schindler (University of Würzburg) after immortalisation with SV40 large T, and were cultured in DMEM (Sigma) with 10% FCS, 500 U/ml penicillin, 0.5 mg/ml streptomycin and 2 mM L-glutamine. All cells were grown at 37 °C in a humidified atmosphere supplemented with 5 %CO~2~. Independent experiments for biological replicates were performed at least twice.

2.6. siRNA silencing {#s0040}
--------------------

siRNAs capable of targeting *TPT1* were obtained from Ambion (AM16708A \#284697, \#13153, \#289422) and were used as steady mixture [@b0045]. Scrambled (Scr) siRNA Duplex (Ambion) was included as control, and reverse transfection with Lipofectamine^TM^ RNAiMAX (Invitrogen, \#13778) was used to apply siRNAs to subconfluent cells 48 h prior to irradiation (IR).

2.7. ATM-Inhibition {#s0045}
-------------------

One hour before IR the cells were treated with the ATM inhibitor Ku55933 (KuDos Pharmaceuticals, Cambridge, UK) at 2 μM or 10 μM, respectively, in DMSO. Control cells were treated with DMSO only.

2.8. Irradiation {#s0050}
----------------

Ionizing radiation with doses between 60 mGy and 6 Gy was applied to the cells at room temperature using an Elekta Synergy accelerator (Siemens, Munich, Germany). The energy of the X-radiation was 6MVX and a dose-rate of 400 MU/min was applied to the cells.

2.9. Lysate preparation and immunoblotting {#s0055}
------------------------------------------

For preparation of protein extracts, cells were lysed in cell extraction buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EGTA, 2 mM EDTA, 25 mM NaF, 25 mN beta-glycerophosphate, 0.1 mM Na~3~VO~4~, 0.1 mM PMSF, 5 µg/ml leupeptin, 1 µg/ml aprotinin), 0.2% Triton X-100, 0.3% NonidetP-40 for 45 min on ice. Protein extracts were cleared through centrifugation at 19500xg (13200 rpm) for 15 min, and supernatants were separated through SDS-PAGE and transferred to nitrocellulose membranes by wet blot technique. Antibodies to TPT1 (Abcam, \#ab133568, 1:50000), p-KAP1 S824 (Bethyl, \#A300-767A-1, 1:2000--1:5000), p-CHEK2 S19 (Cell Signalling, \#2666, 1:500--1:1000), p21 (Cell Signalling, \#2846, 1:1000), ATM (Epitomics, \#1549--1, 1:1000), DNA-PK (Calbiochem, \#NA57T, 1:600) and β-actin (Sigma, \#A5441, 1:3000) were applied over night at 4 °C after blocking with 5% skim milk in PBST for 1 h. Anti-mouse and anti-rabbit horseradish peroxidase-labelled secondary antibodies were purchased from GE Healthcare. Visualization of immunoreactive bands was performed with ECL and X-ray films.

2.10. Subcellular fractionation {#s0060}
-------------------------------

For cytoplasmic, nuclear and chromatin-bound protein isolation, cells were lysed in buffer A \[50 mM Hepes (pH 7.4), 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.5% NonidetP-40, 0.1 mM PMSF, 5 µg/ml leupeptin, 1 µg/ml aprotinin\] for 10 min on ice by frequent vortexing intervals. Cytoplasmic fractions were harvested by centrifugation at 4000xg for 4 min on ice. Pellets with nuclei were washed once with buffer B \[1.7 M sucrose, 50 mM Hepes (pH 7.4), 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF, 5 µg/ml leupeptin, 1 µg/ml aprotinin\] and centrifuged for 30 min at 16000xg. To harvest nuclei, pellets were resuspended in buffer C \[10% glycerol, 50 mM Hepes (pH 7.4), 400 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF, 5 µg/ml leupeptin, 1 µg/ml aprotinin\] and incubated 30 min on ice with frequent vortexing. Soluble nuclear proteins were separated from insoluble chromatin by centrifugation at 16000xg for 5 min at 4 °C. The final chromatin pellet was resuspended in 1 U/µl DNase I (Roche, \#92161121) in buffer C and incubated for 30 min at 37 °C to release chromatin-bound proteins. Subsequent centrifugation at 1300xg for 15 min at 4 °C was applied to harvest chromatin-bound proteins in the supernatant.

2.11. Immunocytochemistry {#s0065}
-------------------------

Cells grown on cover slips in six-well plates were fixed with 3% (w/v) PFA, 2% (w/v) sucrose in PBS for 10 min. Permeabilization was performed with 0.2% (v/v) triton X-100 in PBS. Antibodies against TPT1 (Abcam, \#ab133568, 1:200--1:250 or Abcam, \#ab37506, 1:200--1:250, respectively), Histone H2A.x Phospho (S139) (γH2A.X) (Millipore, \#05-636, 1:200), 53BP1 (Bethyl Laboratories, A300-272A, 1:200) and RAD51 (Genetex, GTX70230, 1:200) were incubated in 2% (w/v) normal goat serum (Dianova) for 2 h. After PBS washing, cells were incubated with Alexa Fluor Anti-mouse IgG 488 (Invitrogen, \#A11018) and Alexa Fluor Anti-rabbit IgG 546 (Invitrogen, \#A11071) or FITC-conjugated Anti-mouse IgG antibody (Zymed, \#62--6511) and Alexa Fluor Anti-rabbit IgG 488 (Invitrogen, \#A11070) for 2 h. DNA was counterstained with DAPI (Invitrogen) and cells were mounted with Pro-Long® Gold (Invitrogen). Images were taken with a Leica DMI6000B microscope (40x--63x magnification) or, for a more detailed inspection, using an Olympus confocal microscope FV 1000 (60x magnification). γH2A.X and 53BP1 foci were counted manually with Image J software in an average of 100 cells after siRNA treatment and IR for each of two independent experiments (γH2A.X), independent from the cell-cycle phase. Cells with apoptotic morphology or cells with intensely and completely stained nucleus were excluded from the counting process. For pre-extraction, cells were subjected to detergent extraction with a buffer containing 10 mM Hepes (pH 6.8), 100 mM NaCl, 300 mM sucrose, 3 mM MgCl~2~, 1 mM EGTA and 0.5% triton X-100 in PBS for 5--10 min to remove the majority of non--chromatin-bound proteins before fixation and immunostaining [@b0045]. Colocalization was defined as yellow stained dots in overlay pictures generated with confocal microscopy. In general, the "colocalization rate" was very low, but at least 10 "colocalization-positive" cells were examined and counted manually in control cells and at least 15 cells in irradiated samples, respectively.

2.12. Statistics {#s0070}
----------------

All experiments were performed at least two times and comparisons between treatment groups and respective controls were conducted using unpaired two-tailed *t*-test by GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego California, USA. Regression analyses and three-way ANOVA were performed using STATA12. P values \< 0.05 in the pairwise comparison of groups or in interaction analyses were considered significant.

3. Results {#s0075}
==========

3.1. Evaluation of *TPT1* as a candidate breast cancer susceptibility gene {#s0080}
--------------------------------------------------------------------------

Given increased TPT1 levels in BC cells or BC tissues [@b0055], [@b0080], [@b0085] and its possible role in DNA repair, we sought to investigate whether mutations in *TPT1* were enriched in breast cancer patients. The six coding exons of *TPT1* were amplified from an exploratory series of 200 genomic DNA samples of breast cancer patients from the HMBCS [@b0090] and were subjected to mutation identification through Sanger sequencing. We identified a novel missense substitution, c.452A \> G resulting in a Tyr to Cys substitution p.Y151C ([Fig. 1](#f0005){ref-type="fig"}A) in one patient and a previously recorded synonymous variant, c.492G \> A, in another patient. Both mutational changes were not detected in additional 500 breast cancer cases scanned via HRM analysis of the respective exons ([Fig. 1](#f0005){ref-type="fig"}B), indicating that germline mutations in *TPT1* were rare events in breast cancer patients from our series. The c.452A \> G variant affects a beta sheet structure close to the binding domain of TPT1 protein [@b0065] ([Fig. 1](#f0005){ref-type="fig"}C), and was predicted to be pathogenic by SIFT, PROVEAN and MutationTaster ([Fig. 1](#f0005){ref-type="fig"}D-E and [Supplementary Fig. S1](#s0130){ref-type="sec"}). SIFT predicted a pathogenic impact of p.151Y \> C with a "Median Information Content" of 2.78 and a score of 0.01 [@b0095]. Analysis with PROVEAN confirmed this result and also predicted pathogenity with a score of −6.301, which is below the threshold of ≤−2.5 [@b0100] ([Fig. 1](#f0005){ref-type="fig"}D--E). We could furthermore confirm this result with the software MutationTaster, which classified this mutation to be "disease causing" as protein structures might be affected because the exchanged amino acids differ highly (score = 194 of maximum 215), see [Supplementary Fig. S1](#s0130){ref-type="sec"}. Furthermore, a high conservation of this area was predicted by the tools PhyloP (score = 1.01) and PhastCons (maximum score of 1), however no impact on splice sites was found. A score of 0.9999 demonstrated a high accury of this method (range 0--1) [@b0105]. Analysis by Polyphen-2 predicted no pathogeneity for this mutation with a sensitivity of 0.93, a specificity of 0.85 and a score of 0.083 [@b0110]. A comparison of sensitivity, specifity and accuracy of the applied software tools is given in [Fig. 1](#f0005){ref-type="fig"}F [@b0115].Fig. 1Identification, screening and prediction of functional impact of c.452A \> G (p.Y151C). A: Identification of mutation c.452A \> G (p.Y151C) by Sanger sequencing in a heterozygous breast cancer patient (right, arrow) compared with the wild-type sequence (left). B: High Resolution Melting analysis showing melting curves of the two variants c.452A \> G (p.Y151C), c.492G \> A, and wild-type samples. C: 3D-model of TPT1 by Polyphen-2 showing altered amino acid as part of a beta sheet structure. D,E: Prediction results by SIFT-analysis (D) and PROVEAN-analysis (E) showing damaging impact of c.452A \> G (p.Y151C) F: comparison of prediction tool performance.

3.2. Role of TPT1 for ATM signaling in human skin fibroblasts and breast epithelial cells {#s0085}
-----------------------------------------------------------------------------------------

Previous data on human primary cells strongly supported a role of TPT1 in DNA damage sensing and repair processes [@b0045]. To investigate whether TPT1 is required for ATM signaling, we silenced *TPT1* by siRNA in large T immortalized human skin fibroblasts (ADP) and in spontaneously immortalized human breast epithelial cells (MCF10A) [@b0120], and investigated the phosphorylation of ATM target proteins KAP1 (at Ser824) [@b0125], [@b0130], [@b0135], [@b0140] and CHEK2 (at Ser19) [@b0145] in response to low (60 mGy) or high (6 Gy) dose irradiation. Furthermore, as Zhang et al. reported a defect in p21 activation following *TPT1* knockdown [@b0045], analyses of the p21 level after TPT1 depletion were performed ([Supplementary Fig. S2](#s0130){ref-type="sec"}A), and only revealed a visible increase of p21 levels in ADP cells 30 min after 6 Gy IR, while p21 levels in MCF10A remained largely unchanged. At 30 min post-irradiation, KAP1 pS824 ([Fig. 2](#f0010){ref-type="fig"}) and CHEK2 pS19 ([Supplementary Fig. S2](#s0130){ref-type="sec"}B) were easily detected in both cell lines but neither line showed differences in phosphorylation levels of both ATM targets after TPT1 knockdown compared to scrambled controls. These experiments indicated that TPT1 levels exert no gross influence on ATM kinase activity towards these substrates. Furthermore, TPT1 knockdown did not influence ATM levels ([Supplementary Fig. S2](#s0130){ref-type="sec"}C) and *vice versa*, ATM kinase inhibition with the specific inhibitor Ku55933 did not affect TPT1 levels, while there was strong reduction in phosphorylation of the ATM target KAP1 ([Supplementary Fig. S2](#s0130){ref-type="sec"}D). Levels of TPT1 also did not change at 30 min after low or high dose IR in whole cell extracts from ADP, MCF10A and the triple negative BC cell lines HCC1395 and HCC1937 ([Supplementary Fig. S3](#s0130){ref-type="sec"}A-B).Fig. 2Knockdown of TPT1 does not influence ATM signaling by means of KAP1 (S824) phosphorylation. Western blots of ADP and MCF10A cells treated with *TPT1* siRNA (si) or scrambled control (ctrl) 48 h prior to IR and lysed 30 min after no (0 Gy), low dose (0.06 Gy) or high dose (6 Gy) IR. The immunoreactivities of KAP1 pS824, TPT1 and β-actin as loading control are shown.

3.3. Intracellular distribution of TPT1 after irradiation in human skin fibroblasts and breast epithelial cells {#s0090}
---------------------------------------------------------------------------------------------------------------

As TPT1 is both a cytosolic and a nuclear protein, we next examined whether the intracellular localization pattern of TPT1 after IR may change according to a functional recruitment of TPT1 in DNA damage sensing and repair processes. We analyzed the intracellular distribution of the protein by cellular fractionation ([Supplementary Fig. S3](#s0130){ref-type="sec"}C) as well as by immunofluorescence ([Fig. 3](#f0015){ref-type="fig"}; [Supplementary Figs. S4--S8](#s0130){ref-type="sec"}). The specificity of the immunofluorescence staining was validated with two different TPT1 antibodies ([Fig. 3](#f0015){ref-type="fig"}A and B; [Supplementary Figs. S4--S7](#s0130){ref-type="sec"}) at 1 h after IR. We could not detect gross changes in TPT1 localization at 1 h after low (0.06 and 0.25 Gy), intermediate (1 Gy) or high doses (6 Gy) of IR, respectively, when assessed in asynchronous subconfluent cells. Foci-like structures of TPT1 were visible by confocal analyses, which appeared in both cytoplasm and nucleus in irradiated and control cells (see also [Supplementary Fig. S8](#s0130){ref-type="sec"}C for ADP cells). Immunostainings in triple negative BC cell lines ([Supplementary Fig. S8](#s0130){ref-type="sec"}A-B, and data not shown) also provided no evidence for nuclear translocation of TPT1 at 1 h after IR with 0.25 Gy and 1 Gy ([Supplementary Fig. S8](#s0130){ref-type="sec"}A-B) or 0.06 Gy and 6 Gy (data not shown), respectively. Consistent with this data, we did not find robust evidence for chromatin binding of TPT1 in ADP or MCF10A cells prior or 30 min after IR with 60 mGy or 6 Gy ([Supplementary Fig. S3](#s0130){ref-type="sec"}C and data not shown). KAP1 was phosphorylated and present in cytosolic, nuclear and chromatin-bound fractions as expected. In contrast, TPT1 was only present in cytosolic and nuclear fractions and not chromatin-bound, independent of treatment, and its localization did not detectably change after IR. These findings supported our immunofluorescence data for ADP and MCF10A ([Fig. 3](#f0015){ref-type="fig"}; [Supplementary Figs. S4--S7](#s0130){ref-type="sec"}, S8C), HCC1937 ([Supplementary Fig. S8](#s0130){ref-type="sec"}A-B), as well as HCC1395 and HCC38 (data not shown).Fig. 3No evidence for colocalization of TPT1 and γH2A.X in ADP and MCF10A cells. Asynchronous, subconfluent cells were pre-extracted with Triton X-100 (*9*) and fixed 1 h after IR. Panel A shows immunofluorescence stainings for TPT1 (red) (ab37506) and γH2A.X (green) in ADP cells and areas of colocalization are visible in yellow in the overlay picture. Scale bar = 25 μm. For comparison, TPT1 staining in ADP cells was performed with a second antibody (ab133568) visualized in green which is shown in panel B after 1 Gy IR. γH2A.X foci and areas of colocalization were counted manually and shown as means with standard deviations for ADP in panel C and MCF10A cells in panel D.

3.4. Limited colocalization of TPT1 with γH2A.X and RAD51 foci in different cells of human origin {#s0095}
-------------------------------------------------------------------------------------------------

Given the lack of evidence for an involvement of TPT1 in ATM signaling and its uniform intracellular distribution after IR, we analyzed whether the nuclear fraction of TPT1 shows colocalization with γH2A.X repair foci after IR. In order to reduce cytoplasmic background staining, cells were subjected to a preextraction procedure with Triton X-100 prior to fixation [@b0045]. Cells were analyzed at 1 h after 1 Gy IR, with stainings for TPT1 and γH2A.X also being performed in TPT1 knockdown cells and non-preextracted cells ([Supplementary Figs. S4-S7](#s0130){ref-type="sec"}) as well as in irradiated triple negative BC cell lines (see [Supplementary Fig. S8](#s0130){ref-type="sec"}A-B for HCC1937, data for HCC 1395 and HCC38 not shown). In order to validate the staining, two different TPT1 antibodies were used, one of which has already been published in this context [@b0045]. Although both antibodies showed a spotty pattern of TPT1 in the cytoplasm as well as in the nucleus, a colocalization of TPT1 and γH2A.X was poorly detectable in either cell type under any condition. Knockdown of TPT1 in ADP and MCF10A cells was confirmed by confocal immunofluorescence analyses, in agreement with the western blot results shown in [Fig. 2](#f0010){ref-type="fig"} ([Supplementary Figs. S4 and S5](#s0130){ref-type="sec"}). Very few areas of colocalization were detected according to the overlay of TPT1 and γH2A.X staining and were counted in accordance with γH2A.X foci. The proportion of colocalized foci is displayed as means with standard deviations in [Fig. 3](#f0015){ref-type="fig"}C for ADP and [Fig. 3](#f0015){ref-type="fig"}D for MCF10A cells and was below 10% in ADP and below 5% in MCF10A cells. Furthermore, as recent findings in human cervical cancer HeLa cells support an interaction of TPT1 with RAD51 [@b0150], colocalization of TPT1 with RAD51 foci after IR was investigated in wild-type TERT-immortalized BJ5TA cells ([Supplementary Fig. S8](#s0130){ref-type="sec"}D). In line with our results in skin epithelial, breast epithelial as well as breast cancer cell lines, we neither detected nuclear translocation nor foci formation of TPT1 after IR and no clear colocalization of TPT1 with RAD51 foci.

3.5. Knockdown of TPT1 does not impair formation of γH2A.X foci after irradiation {#s0100}
---------------------------------------------------------------------------------

We next investigated the role of TPT1 in the context of γH2A.X foci formation and disassembly including early and later time points after IR. *TPT1* was silenced by siRNA in ADP and MCF10A cells and γH2A.X foci ([Fig. 4](#f0020){ref-type="fig"}) and 53BP1 foci ([Supplementary Fig. S9](#s0130){ref-type="sec"}) were counted by using immunofluorescence analysis. Regression analysis revealed a strong correlation between γH2A.X foci and 53BP1 foci in both cell lines, irrespective of *TPT1* silencing (total r^2^ = 0.972, [Supplementary Fig. S10](#s0130){ref-type="sec"}). We did not observe any significant changes in γH2A.X foci numbers and 53BP1 foci numbers in *TPT1* silenced cells compared to scrambled controls in any of the cell lines at all time points. Three-way ANOVA analyses disclosed a borderline significant effect of *TPT1* silencing on γH2A.X foci (p = 0.04), though not on 53BP1 foci ([Supplementary Table S2](#s0130){ref-type="sec"}). These analyses were in line with the observation that *TPT1* knockdown did not significantly affect the γH2A.X and 53BP1 formation in MCF10A breast epithelial cells at any time-point ([Fig. 4](#f0020){ref-type="fig"}, [Supplementary Fig. S9](#s0130){ref-type="sec"}), while in *TPT1* silenced ADP fibroblasts, a borderline significant effect of siRNA-treatment on γH2A.X foci formation, especially at 24 h after IR, could not be finally excluded ([Supplementary Tables S2 and S3](#s0130){ref-type="sec"}). We did not observe significant changes in 53BP1 foci formation in both cell lines at all time points ([Supplementary Fig. S9](#s0130){ref-type="sec"}). A linear prediction model including both cell lines revealed marginally significant contrasts between time points in terms of treatment ([Supplementary Fig. S11](#s0130){ref-type="sec"} and [Supplementary Table S3](#s0130){ref-type="sec"}). The data suggested subtle differences in DNA damage resolution processes after IR, though not in the early foci formation at 1 h after IR, which is partially consistent with published observations [@b0045].Fig. 4γH2A.X foci numbers in TPT1 knockdown cells after irradiation. Asynchronous, subconfluent ADP and MCF10A cells were treated with siRNA against TPT1 (+, light grey columns) or scrambled controls (-, dark grey columns) 48 h before IR with 1 Gy. Cells were fixed on glass slides at 1 h, 6 h, 24 h or 48 h after IR and stained for TPT1, γH2A.X and DAPI. γH2A.X foci were counted manually in an average of 100 cells on each slide and cells with a minimum of 3 foci were considered foci-positive and subjected to counting. Foci numbers were normalized to unirradiated controls (UNT) \[%\] (right-hand side) and means with standard deviations from two independent experiments are shown. Original data are shown in scatter plots on the left-hand side.

4. Discussion {#s0105}
=============

TPT1 has been described as biomarker for BC [@b0155] and correlation of expression with clinical parameters of aggressive disease is high in several cancers including breast and ovarian cancer [@b0035], [@b0060], [@b0160]. Furthermore, a positive correlation of *TPT1* overexpression with tumor size, clinical stage, lymph node metastasis and histological grade of BC is known [@b0055]. It was therefore tempting to investigate whether *TPT1* variants also play a role in genetic breast cancer predisposition. In order to analyze whether selected BC patients, who lived for long in radiation contaminated regions, might have acquired their cancers due to mutations in the *TPT1* gene, we screened for genetic variations of *TPT1* in 200 patients from contaminated areas in Belarus. Although two mutations in *TPT1* could be detected, one of which was proposed to be pathogenic, both changes were not found in additional 500 breast cancer cases. The potentially damaging p.Y171C substitution also has not been described by the Exome Aggregation Consortium (<http://exac.broadinstitute.org/gene/ENSG00000133112>, accessed on December 18, 2018) and may thus represent a private mutation. We used four software tools to predict the pathogeneity of this substitution and -- with the exception of Polyphen-2, all tools predicted damaging outcome. Closer investigations of the 3D structure of TPT1 have shown that the exchanged amino acid lies within a beta sheet structure with unknown function, however, close to the binding domain of the protein, where binding to tubulin, calcium, mouse double minute 2 homolog (MDM2), the Na, K-ATPase and p53 occurs [@b0035], [@b0065], [@b0165]. Impairment of the binding capacity of TPT1 to tubulin could disturb the cell cycle, while loss of the calcium-binding capacity of TPT1 could diminish the compensation capacity of cellular stress and favour apoptosis, which could also be enhanced through binding defects with MDM2 and p53. Furthermore, a diminished binding capacity to the Na, K-ATPase could result in reduction of cellular proliferation, however, further experiments need to clarify a possible impact of the close proximity of p.151Y \> C to the binding domain of TPT1. Epidemiological aspects should be considered for both mutation carriers (p.151Y \> C as well as c.492G \> A), as both patients lived in areas with a cumulative total effective whole-body radiation dose of 30 mSv. The p.151Y \> C carrier was diagnosed with estrogen-receptor negative infiltrating lobular carcinoma**,** staging code T1N0M0, at the age of 33. First, as well as second grade relatives of this patient also suffered from breast cancer, however, none of the four founder-mutations in the susceptibility genes *BRCA1* and *BCRA2* (*BRCA1*\*5382insC, *BRCA1*\*4153delA, *BRCA1*\*C61G or *BRCA2*\*6174delT) were detected. The carrier of c.492G \> A, however, was diagnosed with estrogen-receptor positive adenocarcinoma of grade G1 (T2N1M0) at the age of 52 with no known family history of cancer and also no mutations in *BRCA1* or *BCRA2.* The rarity of germline *TPT1* mutations in our breast cancer patients is consistent with the rarity of somatic *TPT1* mutations in breast carcinomas. Only two mutations, a start codon mutation and a p.R107T substitution, have been hitherto detected in over 3000 invasive breast carcinomas ([www.cbioportal.org](http://www.cbioportal.org){#ir070}, accessed on April 5, 2017). As mentioned above, the high TPT1 activity in some cancer types, which contributes to oncogenesis, can result from a mutation in *TP53* [@b0060]. Given the fact that the c.452A \> G carrier has lived in areas with high radiation contamination, it is possible that an impairment in TPT1 function has contributed to accumulation of radiation damage and promotion of the disease. Furthermore, the functional impact of TPT1 in the DNA damage response, particularly in the context of ATM signaling, was investigated in this study. Ionizing radiation induces DNA double strand breaks that are signaled via ATM kinase which is activated rapidly after IR [@b0170]. In its activated form, ATM can phosphorylate many downstream targets, for example KAP1, CHEK2, or the histone H2AX leading to γH2A.X [@b0175] which then serves as a platform to recruit additional proteins working in the DNA damage response. Subsequent recruitment of further DNA repair or damage-signaling factors to the break is mediated by chromatin modification and/or direct interactions of these factors with γH2A.X [@b0175]. The role of TPT1 in this context is presently not well understood, although TPT1 has been shown to exhibit a broad spectrum of cellular functions including apoptosis, cell survival and DNA damage sensing and repair, also in the low-dose IR context [@b0045], [@b0180], [@b0185]. Specifically, it has been reported that TPT1 directly regulates ATM activity in Drosophila melanogaster cells [@b0190], that IR increases TPT1 levels in nuclei of human AG1522 cells in an ATM-dependent manner, and that TPT1 colocalizes to radiation-induced foci to actively participate in DNA repair [@b0045]. These features of TPT1 could make this protein an attractive biomarker for radiation exposure and a possible target for radiosensitisation. In our study, we did not find effects of TPT1 on ATM function at any radiation dose by assessing KAP1-phoshorylation on Ser824 in MCF10A and ADP cells, although this phosphorylation site is a main target of ATM [@b0125], [@b0130], [@b0135], [@b0140]. We similarly observed no alterations in phospho-CHEK2 levels after TPT1 depletion. As inhibition of cell cycle progression is an important step towards repairing damaged DNA, we have analyzed whether TPT1 knockdown might influence the cell's ability to signal arrest via induction of p21. In the course of the DNA damage response, p21 is known to be activated in an ATM-p53-dependent manner, and is dependent on ATM for induction of G2 arrest [@b0195], [@b0200], [@b0205], however, it can also be regulated by a p53-independent mechanism [@b0210] (and reviewed by [@b0215]). In both cell lines, we have detected an increase in p21 immunoreactivity after irradiation as expected, however, no influence of siRNA treatment, which underlines our hypothesis that TPT1 is not implicated in the ATM-coupled DNA damage response in our cellular systems, since protein levels of ATM were not influenced by *TPT1* knockdown without and after 6 Gy IR. Although direct interactions between ATM and TPT1 have been found in cell cultures and Drosophila *in vivo* models after IR [@b0045], [@b0190], a recent study in HeLa cells did not reveal ATM, 53BP1 or γH2A.X as interaction partners of TPT1 [@b0050]. Reportedly, ATM depletion decreased TPT1 foci formation although it still translocated to the nucleus [@b0190]. However, we found no changes of TPT1 levels in whole cell extracts after ATM inhibition and IR in both cell lines tested. The observed fraction of nuclear TPT1 was not affected by ATM inhibition, and chromosome-bound TPT1 was not detectable. Zhang et al. (2012) observed that downregulation of ATM in unirradiated AG1522 cells resulted in increased levels of TPT1 and suggested differential effects of ATM on TPT1 in irradiated and non-irradiated samples [@b0045]. According to that study, TPT1 forms complexes with ATM, γH2A.X and 53BP1 in chromatin-enriched fractions of osteosarcoma U2OS cells [@b0045], but none of these proteins were pulled down in a more recent proteomic approach in HeLa cells [@b0050]. In ADP fibroblasts and MCF10A breast epithelial cells, we did neither detect a significant enrichment of TPT1 in nuclear or chromatin fractions by western blot after IR, nor a prominent translocation of TPT1 to the nucleus by immunofluorescence analyses. Knockdown of *TPT1* did not result in statistically significant changes of γH2A.X and 53BP1 foci numbers after IR. In agreement with these observations we did not detect a high fraction of TPT1 colocalizing with γH2A.X and no evidence for colocalization of TPT1 with RAD51 foci in wild-type human TERT-immortalized skin fibroblasts (BJ5TA), although a clear association between RAD51 and TPT1 has been recently shown using a proteomics approach in HeLa cells [@b0150]. Forcomparison, colocalization between γH2A.X and 53BP1 can be up to 100% [@b0220], [@b0225]. Although a spotty pattern of TPT1 was observed in both cell lines with both TPT1 antibodies, this pattern was different from foci, did not increase after IR and could similarly be detected in the cytoplasm of the cells. Our findings that TPT1 was not enriched in chromatin fractions after IR in several cell lines is consistent with the absence of radiation-induced TPT1 foci. TPT1 has previously been reported to show a granular localization pattern in the vicinity of and around the nucleus in ovarian epithelial cells and a spotty pattern in ovarian carcinoma cells while being present in the cell nucleus or cell periphery in other cell types [@b0230], and there is further evidence for cell type dependent variation [@b0020], [@b0045], [@b0235]. In this work, we provide evidence for a localization of TPT1 to the vicinity of the nucleus rather than its reported nuclear translocation after irradiation in several cellular systems. The role of TPT1 in apoptosis and cancer development has been recurrently described in the literature, however its precise involvement in both processes may be complex, as a p53-dependent induction of TPT1 can reduce oxidative stress, apoptosis and promote cell survival after hydrogen peroxide treatment [@b0240], whereas elevated levels of TPT1 have been correlated with cancer development (reviewed in [@b0015]). For example, its expression can be increased dramatically during oxidative stress [@b0180], while our study does not confirm an induction after irradiation. Taken together, these data suggest that the effects of TPT1 are diverse and may depend on cell type and cellular status. Although our results on ADP fibroblasts and MCF10A breast epithelial cells were largely similar, we noticed a subtle delay in foci disappearance after *TPT1* silencing that was more pronounced in ADP compared to MCF10A cells. It is possible that the p53 inhibitory state of large T-transformed ADP fibroblasts has contributed to this cell type difference. In this study, we have mainly focused on the question whether TPT1 might influence ATM signaling -- a very important, yet not the only player in the DNA damage response. TPT1 could also exert an effect on DNA repair in the context of the ATR Serine/Threonine Kinase or DNA-PK signaling, as TPT1 has been shown to bind to the DNA-binding subunits, Ku70 and Ku80, of the DNA-PK [@b0045]. Further work is needed to analyze a possible role of TPT1 in the DNA damage response independent of ATM signaling and reveal the reasons for cell type dependent variation of TPT1 function.

4.1. Conclusions {#s0110}
----------------

In summary, we have presented various lines of evidence from which we conclude that TPT1, an important biomarker in different cancers, may have subtle effects on overall breast cancer risk, as the potentially damaging mutation c.452A \> G (p.Y151C) seems to be of rare occurrence, and its role in the course of DNA double strand break repair through ATM signaling is limited. Our results suggest that alterations in TPT1 levels do not grossly affect DNA repair capacity after ionizing radiation in the analyzed cell systems but further work needs to be performed to reveal the reasons for discrepancies between published studies and cell type dependent variation.

Appendix A. Supplementary data {#s0130}
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The following are the Supplementary data to this article:Supplementary data 1
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